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Abstract 

Relic abundance of asymmetric Dark Matter particles in brane world cosmological 
scenario is investigated in this article. Hubble expansion rate is enhanced in brane world 
cosmology and it affects the relic abundance of asymmetric Dark Matter particles. We 
analyze how the relic abundance of asymmetric Dark Matter is changed in this model. 
We show that in such kind of nonstandard cosmological scenario, indirect detection of 
asymmetric Dark Matter is possible if the cross section is small enough which let the 
anti-particle abundance kept in the same amount with the particle. We show the indirect 
detection signal constraints can be used to such model only when the cross section and 
the 5 dimensional Planck mass scale are in appropriate values. 
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1 Introduction 


Recent analysis show the possibility that the Dark Matter can be asymmetric. Most recent 
papers discnssed the asymmetric Dark Matter models oca- The motivation for considering 
this scenario is the comparable average density of Baryon and Dark Matter which is Ddm = 5Db 
with Db ~ 0.046. Generally nentral, long-lived or stable Weakly Interacting Massive Particles 
(WIMPs) are assnmed to be good Dark Matter candidates. One example is the nentralino 
which is stable particle with R-parity introdnced in snpersymmetry. Nentralino is Majorana 
particle for which its particle and anti-particle are the same. However, nntil now there is no 
evidence that the Dark Matter particles shonld be Majorana particle. In the nniverse, most 
of known elementary particles are not Majorana particles. The particles and anti-particles 
are distinct from each other if particles are fermionic. Therefore it is legitimate to consider 
the possibility that the Dark Matter particles can be asymmetric for which particles and 
anti-particles are not identical. 

In [ 3111 ], the anthors investigated the relic abnndance of asymmetric Dark Matter particles 
in the standard cosmological scenario in which particles were in thermal eqnilibrinm in the 
early nniverse and deconpled when they were non-relativistic. Usnally it is assnmed the Dark 
Matter asymmetry is created well before Dark Matter annihilation reactions freeze-ont and in 
the beginning there are more particles than the anti-particles. In the standard cosmological 
scenario, the particles and anti-particles are annihilated away when the asymmetry is large 
enongh. Therefore the relic density for anti-particles is depressed in the present nniverse. 
There is only particles. Thus the asymmetric Dark Matter is only assumed to be detected by 
direct detection. 

In nonstandard cosmological scenarios like quintessence, scalar-tensor models, brane world 
cosmological scenarios, the Hubble expansion rate is increased 0 EHHIHI. The modihed 
Hubble expansion rate affects the relic density of asymmetric Dark Matter. The asymmetric 
Dark Matter relic density is already investigated in such models including quintessence model, 
scalar-tensor model PDTOlilll. In quintessence model, scalar-tensor models, the relic densities 
of both particles and anti-particles are increased simultaneously due to the increased Hubble 
expansion rate. The relic density of anti-particle is not depressed for appropriate annihilation 
cross section for nonstandard cosmological scenarios. This leaves the possibility that the 
asymmetric Dark Matter can be detected by indirect detection. 

Recently Meehan et al [12] probed the relic density of asymmetric Dark Matter in brane 
world cosmology. They found the enhanced Hubble expansion rate in brane world cosmology 
leads to the earlier decay of particle and antiparticle. Therefore there are enhanced relic 
densities for both particles and antiparticles. In our work we give more detailed analysis 
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of the relic density of asymmetric Dark Matter in brane world cosmology in different way. 
We closely follow the analytic solution of asymmetric Dark Matter in standard cosmological 
scenario and derived the analytic solution of the relic density of asymmetric Dark Matter in 
brane world cosmological model. 

The paper is arranged as follows. In section 2, the asymmetric Dark Matter relic density 
is calculated numerically and analytically in brane world cosmology. In section 3, we find the 
constraints on the parameter space of brane world cosmology from the observational data. 
The final section is devoted to the conclusions. 


2 Relic Abundance of Asymmetric Dark Matter in Brane 
World Cosmology 

In this section, we calculate the relic abundance of asymmetric Dark Matter in brane world 
cosmological scenario. Before starting the calculation let us briefly review the brane world 
cosmological scenario. In brane world cosmology, the Hubble expansion rate is derived as 


2 SttG / p \ k C 


( 1 ) 


where p is the energy density of ordinary matter on the brane with a being the brane tension. 
R is the scale factor. G is 4 dimensional Newton coupling constant and k is the curvature 
of the 3 dimensional space. Finally C is a constant of integration which is known as dark 
radiation. We set fc = G' = 0 in this analysis and insert p = 7 r^/ 305 '*T^ and a = 6 M|/Mpj 
into above equation where M 5 is the 5 dimensional Plank mass and Mpi is the reduced Planck 
mass Mpi = l/VSvrG = 2.4 x 10^® GeV. Then one obtains 






std* 


( 2 ) 


where x = xn^/T with being the mass of Dark Matter particles and k^ = (360M|). 

Here g^, is the effective number of the relativistic degrees of freedom which is give by 


9*= 9i 

2=bosons 




T J 


E . (3) 

2=fermions ^ ^ 

Here Pi is the number of the internal degrees of freedom of the particles. In order not to 
conflict with Big Bang Nucleosynthesis (BBN) when temperature T = 1 MeV, the second 
term in the square root kb/x^ —)■ 1. This impose that M 5 > 1.2 x 10^ GeV. Hgtd is the Hubble 
expansion rate in the standard cosmological scenario. 
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Following we write down the Boltzmann equation with the modihed expansion rate in brane 
world cosmology which is the main equation to hnd the relic density for Dark Matter. In our 
analysis, Dark Matter particle is denoted as y which is not self-conjugate, i.e. the anti-particle 
X- The Boltzmann equations for particle and anti-particle are 


dt 

dt 


+ 3Hn^ = -{av){n^n^ - n^,eqn^,eq) ; 
+ 3Hn^ = -{av){n^n^ - ■ 


(5) 


Here it is assumed that only yy pairs can annihilate into Standard Model (SM) particles, 
while yy and yy pairs can not. n^^,, are the number densities of particle and anti-particle. 
{av) is the thermally averaged annihilation cross section multiplied with the relative velocity 
of the two annihilating y, y particles. %,eq, ''^x,eq cire the equilibrium number densities of y 
and y, here it is assumed the Dark Matter particles were non-relativistic at decoupling. The 
equilibrium number densities n-^^^q 


’^X.eq 


and n 

X,eq are 

given by 

= 9x 


\ 3/2 

J e(-™^ 

V 27 r 

= 9x 

( ^xT' 

CO 

to 

1 

V 27 r 
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where are the chemical potential of the particle and anti-particle, in equi¬ 

librium. 

The number densities for particle and anti-particle are obtained by solving the Boltzmann 
equations ([5]). To solve the Boltzmann equations ((5)) in brane world cosmology, we follow the 
standard picture of Dark Matter evolution. It is assumed the particles y and y were in thermal 
equilibrium at high temperature. The equilibrium number densities decrease exponentially 
when temperature drops below the mass of the particle, for Finally the falls of 

the interaction rates F = ny-{av) for particle and F = n^{av) for anti-particle below the 
Hubble expansion rate H lead to the decoupling of the particles and anti-particles from the 
equilibrium. The number densities of the particles and anti-particles are almost constant from 
the decoupling point. The temperature at that point is called freeze-out temperature. 

First, we rewrite the Boltzmann equations ([5]) in terms of dimensionless new quantities 
Yy, = %/s, = n^/s and x = m^/T. The entropy density is given by s = (27r^/45)5f*sT^, 

where 


9*s ^ ^ 9i 

2 =bosons ^ i=fermions 

During the radiation dominated period, we assume that the universe expands adiabatically, 
then the Boltzmann equations ([5]) become 
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( 9 ) 


dY^ A (aw) 

dx + kb 

where 

A = 1.32 m^Mpi . 


( 10 ) 


Here it is assumed ~ g^s and dg^^/dx ~ 0. From these two equations (jH]) and ([9]), we obtain 


dY^ dY^ 

dx dx 


0 . 


( 11 ) 


This implies 

y,-rs = c, (12) 

with C being the constant. It means the difference of the co-moving densities of the particles 
and anti-particles is conserved. Using Eq. dT^ . the Boltzmann equations (|8]) and ([9]) become 

X{av) 


d^ 

dx 


dY^ 

dx 




A(crw) 


"v/x^ + kb 
\2 ^3„-2x 


(y^ - cy, - P) ; 


(yj + cyj - F), 


(13) 


(14) 


where P = = (0.145g^/g:^y Mostly we use the WIMP annihilation cross 

section which is expanded in the relative velocity v between the annihilating WIMPs. Its 
thermal average is 

(av) = a + 6bx~^ + 0(x~^). (15) 


Here a is the dominant contribution to av when particle and anti-particle are in an s-wave 
for the limit w ^ 0. 5 is the p-wave contribution to av when the s-wave annihilation is 
suppressed. 

FigH] shows the relic abundance Y^^^ evolution as a function of the inverse-scaled temper¬ 
ature X for particle and anti-particle for different cross sections and M 5 in brane cosmology 
scenario and standard scenario. This figure is plotted using the numerical solutions of Eqs. flT^ . 
ffTT|) . Here we take U = 4 x 10“^^, my_ = 100 GeV, = 2, p* = 90, a = 1.31 x 10“^^ cm^ 

s“^, 6 = 0 for panels (a), (c), (e) and a = 1.38 x lO”^'^ cnU s“^, 5 = 0 for panels (b), (d), 

(f); Ms = 5 X 10^ GeV in (a), (b); Mg = 10^ GeV in (c), (d) and Mg = 5 x 10® GeV in (e), 

(f). The dot-dashed (red) line is the particle abundance and the thick (red) line is the 

anti-particle abundance Y^^b in brane world cosmology; the dashed (blue) line is particle abun¬ 
dance Y^^s and dotted (blue) line is the anti-particle abundance Y^^g in the standard scenario. 
The double dotted (black) line is the equilibrium value Y^^^q of the anti-particle abundance. 
Hubble expansion rate in brane world cosmology is larger than the Hubble expansion rate in 
the standard case. Particles and anti-particles freeze-out earlier than the standard cosmology. 
After decay of thermal equilibrium, there are more particles and anti-particles left in brane 
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Figure 1: The relic abundances and for particle and anti-particle as a function of the inverse-scaled 
temperature x for C = 4 x 10“^^, = 100 GeV, = 2, 5 * = 90, a = 1.31 x 10~^®cnF s“^, & = 0 for 

panels (a), (c), (e) and a = 1.38 x 10“^"^ cm^ s“^, 6 = 0 for panels (b), (d), (f); M 5 = 5 x 10® GeV in (a), (b); 
M 5 = 10® GeV in (c), (d) and M 5 = 5 x 10® GeV in (e), (f). 


world cosmology than the standard case for appropriate cross section. Of course the extent of 
the increase depends on the cross sections and 5 dimensional scale M 5 . The relic abundances 
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for particle x and for anti-particle x are larger than the standard case for panels (a) 
and (c) when the cross section is a = 1.31 x 10“^®cni^ s“^ for different M 5 . We found for the 
same cross section the increase is larger for smaller M 5 . When M 5 = 5 x 10® GeV in panel 
(e), the relic abundances for particle and anti-particle in brane world cosmology are almost 
same with the standard result. There is no enhancement for the relic density for particles and 
anti-particles. On the other hand, in brane world cosmology, for the larger cross section as 
a = 1.38 X 10“^'^cm^ s“^ the particle abundance is almost kept in the same amount with the 
particle abundance in standard cosmology for different scaled M 5 . This is shown in panels 
(b), (d) and (f). The anti-particle abundance is depressed for such kind of large cross section. 
It is more obvious for larger M 5 as in panel (f). 

Using the same method as [1], we obtain the analytic solution of the relic density for 
asymmetric Dark Matter in brane world cosmology. We solve Eq. flTT]) for x density hrst and 
then using the relation Y^ — Y^ = Cto hnd Y^ easily. The Boltzmann equation flTT|) is rewritten 
as: 


dx 


dY, 


X>eq 


dx 


X{av) 

x/x"^ + h 


[A^(A^ + 2y^^eq) + GA;^] 


(16) 


where A^^ = Y^ - 


Yx,eq- We consider two extreme cases. At high temperature, Y^ closely tracks 
its equilibrium value U^,eq very well. A^ is small, then we can neglect dA^/dx and A|. The 
Boltzmann equation fllbp then becomes 


dY, 


X>eq 


X{av) 


(2A^U^^eq + CAx) ■ 


dx x/x"^ + kb 

Repeating the same way as in |1], one obtains the solution for A^ 


(17) 


2Px/x^ + kb 
X{av) (G2 + 4P)‘ 

This solution is used to determine the freeze-out temperature xp for x- 

In the second case, the production term oc Ux-eq can be ignored in the Boltzmann equation 
(fT6|) for sufficiently low temperature, i.e. for x > xp, therefore 



dA^. 


X{av) 


(A? + CAj) 


(19) 


dx x/x'^ Y kb 

After integration of Eq. flT^ from xp to 00, we obtain the hnal WIMP abundance. We have 
to be careful that the integration range is divided into two parts: one part is from xp to Xt 
where the brane world cosmology is applied. Xt is the transition temperature at which point 
the standard cosmology recovers. It is given by Xt = mx/(0.51 x lO^^Mg^^) [7]. Second part 
is from Xt to cx) in which the standard cosmology is used. Again assuming A^{xp) 3> Ap^(cx)), 
we have 


Yx{x 00) = 


C 


exp [l.32C'mxMpi I{xp,Xt)] — 1 ’ 


( 20 ) 
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where 


I{xF,Xt) = 


r^t 


{av) 


Ixp 




dx + 
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dx 


' Xt 
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sinh 
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) — sinh 


— 2-^1 
Xt 

-1 / 


1 1 5 -h 
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Xt Xi 


Using equation (fT^ . we obtain the relic abundance for x particle, 


Y^[x —)> oo) = 


1 — exp [—1.32 C m^Mpi I{xf, Xt)] 


( 21 ) 

( 22 ) 

(23) 


(24) 


Eqs. (|20|) and (|24|) are consistent with the constraint flT^ if xf = xf- Usually the hnal 
abundance is expressed as 


^ ^2 ^ m^soY^{x oo)h^ 

^ Pcrit 


(25) 


here sq = 2.9 x 10^ cm ^ is the present entropy density, and pcrit = 3Mp^Hq is the present 
critical density. The prediction for the present relic density for Dark Matter is then given by 


= 2.76 X 10^ [Yy. {x —)■ cxo) + (a: —)■ cxo)] (26) 

2.76 X 10® C 2.76 x 10® C 

1 — exp [—1.32 y^/(xF, Xi)] exp [l.32 Um^Mpi /(xp, x*)] —1 

The freeze-out temperature for x is fixed using the standard method. It is assumed that the 
deviation is of the same order of the equilibrium value of 


^U^,eq(x_F) ^^.{ xf ) , 


(27) 


where ^ is a numerical constant of order unity. We find the approximate analytic result 
matches with the exact numerical result very well when we choose ^ = \/2 — 1 [15] . 


3 Constraints on Parameter Space 

Nine-year Wilkinson Microwave Anisotropy Probe (WMAP) observations give the Dark Matter 
relic density as [T6] 

^ 0.1138 ±0.0045, (28) 

where Ddm is the Dark Matter (DM) density in units of the critical density, and h = 0.738 ± 
0.024 is the Hubble constant in units of 100 km s“^ Mpc“^. We use this result to find the 
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Figure 2: The allowed region in the {a,C) plane for 6 = 0 (left), and {b,C) plane for a = 0 (right) when 
the Dark Matter density lies between 0.10 and 0.12. Here we take rriy^ = 100 GeV, = 2 and g* = 90, 
Ms = 10® GeV. The dashed (red) line is for standard cosmology and the thick (blue) line is for brane cosmology. 


constraints on the parameters in brane world cosmology for asymmetric Dark Matter. We use 
the following range for Dark Matter relic density, 

0.10 < < 0.12 (29) 

The particle y and anti-particle y density contribute together to the total Dark Matter density: 

f^DM = "h • (30) 

Figj2] shows the relation between the cross section parameters a, b and asymmetry factor C 
for the brane world cosmology and standard cosmology when the Dark Matter relic density 
lies between 0.10 and 0.12. Here we take = 100 GeV, Qx = ‘^ and ( 7 * = 90, M 5 = 10® 
GeV. The dashed (red) lines are for the standard cosmology and the thick (blue) lines are for 
the brane world cosmological scenario. When C is small as G = 0 to G = 3.5 x 10“®, the 
cross section is almost independent of G. The reason is that for small G, the formulae for 
V^, Eq. (j20|) and V^, Eq. (j24|) can be recovered to the result for symmetric Dark Matter in 
standard cosmology. When the asymmetry G is large, e.g. G = 4.0 x 10“^^, the particle and 
anti-particle are completely annihilated away and the relic density is independent of the cross 
section. On the other hand, for brane world cosmology, the cross section is larger than the 
standard cosmology for the observed value of Dark Matter. The reason is that in brane world 
cosmological scenario the interaction rate is larger than the standard scenario. Asymmetric 
Dark Matter particles need larger annihilation cross sections in order to fall in the observation 
range. In the left panel (a) of Figj2l it is shown for s-wave annihilation cross sections from 
a = 3.99 X 10“^® cm^s“^ to a = 8.50 x 10“^^ cm^s“^, the observed Dark Matter abundance is 
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obtained for C* = 0 to 4.3 x 10“^^. It is for the standard cosmology. The initial cross-section 
is increased to a = 1.93 x 10“^^ cm^s“^ for the brane world cosmology. The similar behavior 
is seen in the right panel (b) of Figj2l The cross section is increased evidently for brane world 
cosmology for both s-wave annihilation and p-wave annihilation cross sections to obtain the 
observed Dark Matter abundance. 

For asymmetric Dark Matter, since in the beginning it is assumed that there is less anti¬ 
particle than the particle and at late time the anti-particle is completely annihilated away 
with the particle. Therefore the rest is the particle which made up the present total Dark 
Matter abundance in asymmetric Dark Matter case in standard cosmological scenario. Thus 
the asymmetric Dark Matter particle is supposed to be detected by direct detection. Usually 
the indirect detection is not available for the asymmetric Dark Matter. However, for asymmet¬ 
ric Dark Matter in nonstandard cosmological scenarios including quintessence, scalar-tensor 
model and brane world cosmology 0[ini[n], the relic densities for both particle and anti¬ 
particle are increased in due to the enhanced Hubble expansion rate. Again for appropriate 
cross section, the relic density for both particle and anti-particle are almost in the same amount 
which is different from the standard cosmological scenario where the anti-particle relic density 
is depressed . Therefore the indirect detection is possible for nonstandard cosmology. However, 
for large annihilation cross section as a = 1.38 x 10“^^ cm^ s“^, the indirect detection sigal 
can not be used. In Fig{Tl it is shown when the cross section is as large as a = 1.38 x 10“^^ 
cm^ s“^, the relic abundance of anti-particle is suppressed. Therefore there is not enough 
anti-particle left which can annihilate with particle to make up the indirect detection signal. 
Thus the indirect detection for asymmetric Dark Matter is available in conditionally where 
the annihilation cross section is not so large. As we showed in Fig{Tl it depends on the scale 
of Ms, the mass of Dark Matter and most important is the cross section. In this article, 
it is assumed there is only particle and anti-particle annihilations. Therefore the abundant 
Dark Matter particle can not annihilate with itself to make the product particle which can be 
detected by indirect detection experiments. 

The ratio of the relic abundance of the anti-particle to the particle as a function of the 
annihilation cross section a is plotted in Fig|3]for U = 4 x 10“^^. Here the dotted (black) line 
for asymmetric Dark Matter in standard cosmology and the solid (red) line in brane world 
cosmology. The decrease of the ratio is slower for brane world cosmology comparing to the 
standard cosmology as the cross section increases. For example, for the cross section value 
a = 2.50 X 10“^® cm^ s“^, the ratio is decreased to 2.2 x 10“^ for standard cosmology and 
8.6 X 10“^ for brane world cosmology. We noticed that when the cross section increases, in 
both cases the abundances of anti-particles are suppressed. Therefore the indirect detection 
signal is not used for too large cross section in brane world cosmoloy for asymmetric Dark 
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Figure 3: Ratio of the relic abundance of anti-particle and particle as a function of annihilation cross section 
a in brane world cosmology and in the standard cosmology for the asymmetry factor C = 4 x 10“^^. The 
dotted (black) line is for the asymmetric Dark Matter (ADM) in standard cosmology and the solid (red) line 
is for the asymmetric Dark Matter in brane world cosmology. Here 6 = 0, rriy^ = 100 GeV and C = 4 x 10“^^, 
Ms = 10® GeV, = 2, 5 * = 90. 


Matter. 


4 Summary and Conclusions 

In this paper we investigated the relic abundance of asymmetric WIMP Dark Matter in brane 
world cosmology. For asymmetric Dark Matter the particles and anti-particles are different 
from each other. It is assumed the asymmetry starts well before the epoch of thermal de¬ 
coupling of the WIMPs. The asymmetric Dark Matter particles and anti-particles freeze-out 
earlier than the standard cosmology due to the enhanced Hubble rate in brane world cosmol¬ 
ogy. This leads to the increase of the relic density of asymmetric Dark Matter particles. 

We found that the relic densities of both particles and anti-particles are increased in brane 
world cosmology. The size of the increase depends on the 5 dimensional Planck mass scale 
M 5 and the cross sections. The increases are more sizable for smaller M 5 for the same cross 
section. When M 5 is large, e.g. M 5 = 5 x 10® GeV, the case in the standard cosmology 
is recovered. For larger annihilation cross section as a = 1.38 x 10“^'^cm^ the particle 
abundance in brane world cosmology is the same with the particle abundance in standard 
cosmology for different M 5 . The antiparticle abundance is suppressed. 

We used the WMAP data to give the constraints on the cross section and asymmetry factor 
C in brane world cosmology. We showed that the indirect detection signal is conditionally 
used for asymmetric Dark Matter in brane world cosmology. 
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The result which is obtained in our work is important to understand the relic abundance 
of asymmetric Dark Matter in the early universe before Big Bang Nucleosynthesis. If we know 
the annihilation cross section in the brane world cosmology, we can hnd the relic density of 
Dark Matter in this scenario. It has important effect to investigate the early universe before 
BBN. 
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